Introduction {#S1}
============

Proteins mediating ion transport operate according to one of two opposing paradigms: channels form aqueous pores through which ions diffuse passively, whereas transporters catalyze substrate movement against a gradient at the expense of electrochemical energy. Translocation is mediated by sequential conformational rearrangements respectively leading to pore-opening or alternate exposure of the binding site(s). ATP binding and hydrolysis, transmembrane voltage or binding of non-permeant ligands modulate or drive the gating cycles of channels and primary transporters. In contrast, secondary active transporters dissipate the electrochemical gradient of one substrate to accumulate the other(s). Thus, substrate binding and dissociation on either side of the membrane is the primary driving force for turnover. Despite the fundamental role that substrate binding plays in the transport cycle direct binding measurements to transporters have been limited because of low substrate affinity and scarcity of the purified protein[@R1]--[@R7], and the equilibrium binding affinity has been estimated from parameters derived from non-equilibrium measurements[@R8]--[@R11].

The CLC family of Cl^−^ transporting proteins encodes for both ion channels and H^+^/Cl^−^ exchangers[@R12]--[@R18] and mutations in 5 of the 9 human CLC genes lead to genetically inherited diseases[@R19]. CLC-ec1, a H^+^/Cl^−^ exchanger from *E. coli*, is the prototypical CLC transporter. The WT protein as well as several mutants have been crystallized[@R12],[@R20]--[@R22] and extensively characterized functionally[@R13],[@R23]--[@R26]. Simultaneous mutation of two gate-forming residues leads to H^+^-uncoupled Cl^−^ transport at rates that are \~20-fold faster than in the wildtype transporter, possibly reflecting the conversion of CLC-ec1 from exchanger to channel[@R27]. Thus, CLC-ec1 offers the unique opportunity to directly investigate ion binding to a secondary transporter and a putative ion channel within the confines of a single, structurally defined molecular scaffold.

CLC-ec1 is a dimer that forms two distinct Cl^−^ transport pathways[@R12],[@R20] ([Fig. 1a](#F1){ref-type="fig"}) defined by three anion binding sites bridging the two sides of the membrane ([Fig. 1b](#F1){ref-type="fig"}). In the WT protein, an ion in the central site, S~cen~, is isolated from the extracellular solution by the conserved side chain of E148 and intracellularly by the side chains of two conserved residues, S107 and Y445. This structure is thought to represent the occluded state of CLC-ec1[@R22]. The ion in the intracellular site, S~in~, is in direct equilibrium with the solution and its access to S~cen~ is regulated by the conformational state of the intracellular gate, Y445[@R22]. Although the movement opening this gate is not known it has been speculated that the crystal structure of the Y445A mutant mimics an inward-facing configuration of the transporter[@R27]. During the transport cycle the external site, S~ex~, is alternatively occupied by a Cl^−^ ion or by the de-protonated E148 side chain[@R20] ([Fig. 1b, c](#F1){ref-type="fig"}). The E148Q mutation locks the extracellular gate in the open state and the crystal structure of this mutant possibly captures the protein in its outward facing configuration[@R20] ([Fig. 1c](#F1){ref-type="fig"}).

A recent crystallographic study suggests that the three sites bind Cl^−^ with affinities ranging from 2 to 30 mM[@R21] and that they can be occupied simultaneously. However, these indirect measurements do not allow the extraction of the thermodynamic contributions regulating binding and selectivity. In order to access this fundamental information we used isothermal titration calorimetry, ITC, to directly measure ion binding to CLC-ec1. ITC has been used to probe receptor/ligand interactions in a variety of high- to moderate-affinity systems[@R28] and can be applied to weakly binding systems, provided that external constraints are placed on the binding stoichiometry. This allows the reliable determination of the association constant, K, and the enthalpy of association, ΔH[@R3],[@R28]--[@R31]. Since the expected Cl^−^ affinities are relatively low[@R21] we injected a vast excess of Cl^−^ (50- to 400-fold molar ratio excess of ligand to receptor) and constrained the number of sites based on the appropriate known structures for CLC-ec1[@R12],[@R20]--[@R23] (see Methods).

Results {#S2}
=======

Cl^−^ binding to WT CLC-ec1 {#S3}
---------------------------

When KCl is injected into a chamber containing detergent-solubilized CLC-ec1 heat is liberated, as indicated by the downward deflections ([Fig. 2a](#F2){ref-type="fig"}). This heat is due to Cl^−^ binding to one or more of the three sites of CLC-ec1 (and any conformational changes linked to ion binding), depending on the conformation(s) adopted by the transporter. Although transport mediated by CLC-ec1 is pH-dependent[@R32]--[@R34] ([Supplementary Fig. 1a](#SD1){ref-type="supplementary-material"}), Cl^−^ binding is not ([Fig. 2a](#F2){ref-type="fig"}, [Supplementary Fig. 1b](#SD1){ref-type="supplementary-material"}, [Supplementary Table 1](#SD1){ref-type="supplementary-material"}). We performed the ITC experiments at pH 7.5 at which transport activity is minimal[@R13],[@R32], S~ex~ is predominantly occupied by E148, the conformational heterogeneity is minimized and is close to the pH at which most crystal structures of WT and mutant CLC-ec1 have been determined[@R12],[@R20]--[@R23], simplifying a structure-based interpretation of the data.

The heat released reflects specific Cl^−^ binding to CLC-ec1: substitution of Cl^−^ with the inert Isethionate^−^[@R26] yields no measurable heat of binding ([Fig. 2b](#F2){ref-type="fig"}) indicating that Cl^−^ rather than K^+^ binds to CLC-ec1. Based on the data alone we cannot determine whether the heat released is due to Cl^−^ binding to S~cen~ and/or to S~in~ seen occupied by halides in the crystals ([Fig. 2a](#F2){ref-type="fig"}, inset): models with one (black line) or two (red line) identical and independent sites describe the data equally well ([Fig. 2a](#F2){ref-type="fig"}) and yield comparable estimates of the binding affinities, 720 and 620μM respectively ([Table 1](#T1){ref-type="table"}). Theoretical calculations[@R35] and crystallographic investigations[@R21] indicated that Cl^−^ binding to S~in~ is weak, K~d~\>20 mM, and beyond the resolution power of these measurements. We hypothesized that heat released ([Fig. 2a](#F2){ref-type="fig"}) is associated to Cl^−^ binding to a single site, S~cen~.

Cl^−^ binding to S~in~ and S~cen~ {#S4}
---------------------------------

To test this hypothesis we measured Cl^−^ binding to the Y445A and Y445H mutants of CLC-ec1[@R22]. In these mutants, halide binding to S~cen~ is observed crystallographically to be disrupted while S~in~ remains largely intact ([Fig. 2c](#F2){ref-type="fig"}, inset, [Supplementary Fig. 2a](#SD1){ref-type="supplementary-material"}), allowing us to isolate the properties of the latter. No heat of Cl^−^ binding to either mutant is detected ([Fig. 2c](#F2){ref-type="fig"}), indicating that S~in~ is a weak site with a K~d~\>20 mM. Lowering the temperature to 10 °C weakly enhances Cl^−^ binding to the Y445A mutant ([Supplementary Fig. 2b](#SD1){ref-type="supplementary-material"}). These results confirm that the heat liberated when KCl is injected in a chamber containing WT CLC-ec1 is due to Cl^−^ binding to S~cen~ with a K~d~\~720μM. This process is enthalpically driven, ΔH\~ −5.3 Kcal Mol^−1^, with a small entropic contribution, TΔS\~−1.0 Kcal Mol^−1^ ([Table 1](#T1){ref-type="table"}).

To further test this conclusion we measured Cl^−^ binding to another mutant, Y445L, in which anion binding to S~cen~ is only partlydestabilized[@R22] ([Fig. 2d](#F2){ref-type="fig"}, inset). If the heat released only reflects Cl^−^ binding to S~cen~ then the affinity of this mutant should be intermediate between those of the WT and the Y445A/H mutants. This is the case. The total heat is described by a single-site isotherm with a K~d~\~3.9 mM, \~6-fold higher than that of the WT ([Fig. 2d](#F2){ref-type="fig"}) and \>5-fold lower than that of the Y445A/H mutants. Thus, the heat liberated upon Cl^−^ binding to CLC-ec1 reflects the properties of S~cen~ alone.

Cl^−^ binding to S~ex~ {#S5}
----------------------

Having determined the Cl^−^ affinity of S~cen~ and S~in~ we turned our attention to S~ex~. It is not possible to directly measure ionbinding to this site in the WT protein since Cl^−^ and the E148 side chain compete for S~ex~. However, in the triple mutant S107A/E148Q/Y445A S~ex~ is the only site occupied by halides[@R21] ([Fig. 2e](#F2){ref-type="fig"}, inset). This mutant protein however was not stable over the course of an ITC experiment. Thus, we used the more stable and analogous mutant S107G/E148A/Y445A to investigate the binding properties of S~ex~. Cl^−^ binding to this mutant is well described by a single-site isotherm with a K~d~\~0.9 mM ([Fig. 2e](#F2){ref-type="fig"}) and is enthalpically driven ([Table 1](#T1){ref-type="table"}). Thus, the isolated S~cen~ and S~ex~ have similar thermodynamic properties.

To test this conclusion we measured Cl^−^ binding to the E148A/Y445A double mutant ([Fig. 2f](#F2){ref-type="fig"}) in which anion binding to S~cen~ is destabilized while binding to S~ex~ and S~in~ is unaltered[@R27] ([Fig. 2f](#F2){ref-type="fig"}, inset). Since our previous results indicated that Cl^−^ binding to S~in~ is weak ([Fig. 2c](#F2){ref-type="fig"}) we expected the K~d~ of the E148A/Y445A mutant to be close to that of the triple mutant. Indeed, Cl^−^ binding to the double mutant is well described by a single site model ([Fig. 2f](#F2){ref-type="fig"}) with a K~d~ \~1.5 mM ([Table 1](#T1){ref-type="table"}), a value close to that of the triple mutant. Fitting with a 2-site model does not influence the K~d~ (not shown). Thus Cl^−^ binds to S~ex~ with a K~d~ \~1 mM and independently of S~in~.

Cl^−^ binding to the E148A mutant {#S6}
---------------------------------

With the characterization of the isolated sites in place we investigated how multiple occupancy affects ion binding by measuring Cl^−^ binding to a mutant, E148A, in which all three sites can be occupied by ions[@R20],[@R21]. We expected Cl^−^ to bind to the E148A mutant similarly to the WT or weaker because of the electrostatic repulsion between the multiple negative charges ([Fig. 3a](#F3){ref-type="fig"}, inset). Unexpectedly, we found that Cl^−^ binds to the E148A mutant more tightly than to the WT protein. The binding curve assumes the typical sigmoidal shape of an ITC saturation binding experiment reaching its mid-point at a molar ratio \~2 and saturating at a molar ratio of \~3 ([Fig. 3a](#F3){ref-type="fig"}), much earlier than in the WT ([Fig. 2a](#F2){ref-type="fig"}).This suggests that we detect Cl^−^ binding to two of the three available sites, most likely S~cen~ and S~ex~. One- or three-site binding isotherms yield poor fits (not shown). The data is described reasonably well by a model with two identical and independent sites with a K~d~ of \~12μM ([Fig. 3a](#F3){ref-type="fig"}, dashed line; [Table 1](#T1){ref-type="table"}), a 60--100 fold increase in affinity compared to the isolated S~cen~ and S~ex~ sites. The increase in free energy of Cl^−^ binding to the E148A mutant compared to the WT protein, \~2.4 Kcal Mol^−1^, is due to changes in both the enthalpy and entropy of binding ([Table 1](#T1){ref-type="table"}). The changes in the enthalpy could partly result from the altered coupling of Cl^−^ and H^+^ binding[@R33]. The increased affinity of this mutant allows for the determination of the number of binding sites directly from the data[@R30]. The best fit is for n\~1.8 (not shown), in good agreement with the previous conclusion that Cl^−^ binds to two sites. A similar increase in Cl^−^ affinity is seen with the more conservative mutation E148Q[@R20] ([Supplementary Fig. 2c](#SD1){ref-type="supplementary-material"}, [Supplementary Table 1](#SD1){ref-type="supplementary-material"}) suggesting that this effect is not specific to the alanine substitution.

These measurements show that multiple Cl^−^ ions bind simultaneously to the permeation pathway of CLC-ec1 with higher affinity than a single ion.

^36^CL binding measured with saturation equilibrium dialysis {#S7}
------------------------------------------------------------

The increased affinity of the E148A mutant was so unexpected that we felt compelled to validate it using a different approach, saturation equilibrium dialysis[@R36]. We measured ^36^CL binding to WT, Y445A and E148A immobilized on Co^2+^ beads through an intact His-tag. In good agreement with our ITC results ^36^CL binds to the E148A mutant more tightly than to the WT protein and very weakly to the Y445A mutant ([Fig. 4](#F4){ref-type="fig"}) with respective K~d~'s of \~190 μM, \~1.4 mM and \>20 mM. This confirms that the increase in affinity seen with the E148A mutant reflects a true property of the mutated protein. The measured values are in qualitative agreement with those measured with ITC ([Table 1](#T1){ref-type="table"}). The quantitative discrepancy is particularly large for the E148A mutant, \> 10-fold. While we don't have a definitive explanation for this inconsistency we think that differences in the experimental set-ups might account for it. The ITC measurements were performed on protein without the His-tag while the equilibrium dialysis is performed on protein with the His-tag and is bound to the Co^2+^ beads. Since the tag is at the end of helix R, which lines the intracellular vestibule[@R12], it is possible that the Histidines and the Co^2+^ beads influence the electric field at the binding sites. Consistent with this, an intact His-tag lowers the affinity of Cl^−^ for WT CLC-ec1 \~2-fold in ITC experiments (not shown). We could not perform this control on the E148A protein with the His-tag since it is not stable. Despite this difference the two experimental approaches show a similar trend where Cl^−^ binding to the WT protein is in the millimolar range and is weakened in the Y445A mutant and enhanced by mutation E148A.

Binding selectivity of CLC-ec1 {#S8}
------------------------------

The above results suggest that subtle structural differences existing between WT and mutant CLC-ec1 lead to drastic changes of Cl^−^ occupancy and affinity. Do these changes also alter anion binding selectivity of CLC-ec1, or do different elements regulate affinity and selectivity? To address this issue we measured Br^−^, NO~3~^−^ and SCN^−^ binding to WT and mutant CLC-ec1 ([Fig. 5a--c](#F5){ref-type="fig"}). These anions bind to WT CLC-ec1 more weakly than Cl^−^ and a single-site binding isotherm describes the heat exchanged with estimated affinities, K~d~(Br^−^)\~2.6 mM \> K~d~(SCN^−^)\~9.2 mM \~ K~d~(NO~3~^−^)\~13 mM ([Table 2](#T2){ref-type="table"}) that resemble the anion transport sequence[@R24],[@R33]. Furthermore, H^+^-coupling degrades as anion binding weakens: stronger binders (Cl^−^ and Br^−^) support tight coupling while weaker binders (NO~3~^−^ and SCN^−^) degrade coupling[@R24]. For the weakly interacting anions the binding reaction does not saturate completely, preventing a precise determination of the enthalpy and entropy of binding. Thus, the values reported in [Table 2](#T2){ref-type="table"} are only qualitative estimates. The measurement of the affinity, however, is robust and reliable (see Methods).

We next measured the selectivity of the E148A mutant to assess whether the changes in affinity were mirrored by an altered specificity. The binding selectivity of the E148A mutant is the same as WT's ([Fig. 5d--f](#F5){ref-type="fig"}; [Table 2](#T2){ref-type="table"}). However, while the mutant binds Cl^−^, Br^−^ and NO~3~^−^ more tightly than the WT the affinity of SCN^−^ is nearly unchanged ([Table 2](#T2){ref-type="table"}). The lack of effect of the E148A mutation on SCN^−^ binding is consistent with the observation that this anion binds only to S~in~ in both WT and E148A mutant[@R24]. This hypothesis is confirmed by the observation that SCN^−^ binds to the Y445A mutant with a similar affinity, while Cl^−^, Br^−^ and NO~3~^−^ do not bind ([Table 2](#T2){ref-type="table"}; [Supplementary Fig. 2d--f](#SD1){ref-type="supplementary-material"}). This shows that S~in~ is a mildly selective site that prefers SCN^−^ to Cl^−^. These results show that E148 and simultaneous occupancy of S~cen~ and S~ex~ regulate affinity but not selectivity.

Determinants of selectivity in CLC transporters and channels {#S9}
------------------------------------------------------------

The previous conclusion raises the question of which structural elements determine selectivity in CLC-ec1? In the plant CLC homologue atCLC-α, which preferentially transports NO~3~^−^ over Cl^−^[@R17],[@R37], the serine participating to S~cen~ ([Fig. 1b](#F1){ref-type="fig"}) is suggestively replaced by a proline ([Fig. 6a](#F6){ref-type="fig"}). We introduced the corresponding mutation in CLC-ec1 and investigated its consequences on anion binding. The S107P mutant is functional and retains the basic characteristics of CLC transporters, although Cl^−^/H^+^ exchange is slowed \~8-fold ([Supplementary Fig. 3a--c](#SD1){ref-type="supplementary-material"}). We found that Cl^−^ and Br^−^ do not bind to the S107P mutant ([Fig. 3b](#F3){ref-type="fig"}, [Supplementary Fig. 3d](#SD1){ref-type="supplementary-material"}) whereas NO~3~^−^ binding to the mutant is enhanced \~4-fold ([Fig. 3c](#F3){ref-type="fig"}), K~d~ \~3.8 mM. SCN^−^ binding is nearly unaltered ([Supplementary Fig. 3e](#SD1){ref-type="supplementary-material"}), confirming that S~in~ favors this anion over Cl^−^. Thus, through a single point mutation, S107P, we conferred the selectivity of the plant NO~3~^−^/H^+^ transporter atCLC-α onto CLC-ec1.

To test whether this serine modulates selectivity only in the CLC transporters, or if it has an equivalent role also in the CLC channels we introduced the corresponding mutation, S123P, into the CLC-0 channel. However, no currents were detectable when we injected this mutant in *Xenopus* oocytes (not shown). To test whether this was due to protein mis-folding, a drastically reduced single channel conductance[@R38] or to a constitutive closure of the channel due to a reduced affinity of Cl^−^ for CLC-0[@R39],[@R40] we introduced the S123P mutation in the background of the constitutively open CLC-0 mutant, E166A ([Fig. 6d--e](#F6){ref-type="fig"}). The S123P/E166A double mutant mediates robust anionic currents in Xenopus oocytes ([Fig. 6f--g](#F6){ref-type="fig"}). Since the E166A mutation alone does not alter single channel conductance or selectivity[@R20],[@R41] it constitutes the ideal template to isolate effects on permeation from those on gating. Ion substitution experiments show that NO~3~^−^ is both less conductive and less permeant than Cl^−^ through the WT and E166A mutant pore: replacement of the external Cl^−^ with NO~3~^−^ leads to a \>60% reduction in the current at +100 mV and to a \~+5 mV shift in the reversal potential ([Fig. 6e](#F6){ref-type="fig"}, [Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}). In contrast, Cl^−^ and NO~3~^−^ permeate equally well through the S123P/E166A mutant pore ([Fig 6g](#F6){ref-type="fig"}): the currents at +100 mV are nearly identical and there is a \~ −8 mV shift in the reversal potential, indicating that NO~3~^−^ has become slightly more permeant in the mutant.

Cl^−^ dependence of the transport rate of CLC-ec1 {#S10}
-------------------------------------------------

The data described so far shows that Cl^−^ binds to detergent-solubilized WT CLC-ec1 with a K~d~ \~0.72 mM. However, the relationship between our equilibrium measurements and transport --an out-of-equilibrium process-- mediated by the protein embedded in a lipid bilayer remains unclear. To address this issue we determined the transport rate of CLC-ec1 reconstituted in proteo-liposomes at \[Cl^−^\]~ex~ ranging from 50 μM to 3 mM using the "Cl^−^ efflux" assay[@R26]. The original experiments were performed in 1 mM Cl^−^~ex~ which was thought to be sufficiently low to approximate unidirectional efflux[@R26]. Our binding measurements, however, suggest otherwise: since the \[Cl^−^\]~ex~ used in those experiments exceeds the K~d~ of Cl^−^ for CLC-ec1 flux might not be unidirectional and there could be substantial Cl^−^ backflow into the vesicles --leading to an under-estimation of the rate. Such a situation predicts that the net Cl^−^ efflux rate should increase at lower \[Cl^−^\]~ex~. This is the case: when \[Cl^−^\]~ex~ is lowered from 1 to 0.1 mM transport becomes \~2-fold faster ([Fig. 7a](#F7){ref-type="fig"}). The dependence of the transport rate from \[Cl^−^\]~ex~ ([Fig. 7b](#F7){ref-type="fig"}) is well described by a Hill equation with an apparent K~d~ of 0.76 mM, in excellent agreement with the equilibrium K~d~ of 0.72 mM. The Hill coefficient of \~2.4 suggests that during transport Cl^−^ can simultaneously bind to up to 3 interacting sites, in agreement with the current transport models for CLC-ec1[@R13],[@R20],[@R42].

These measurements show that the properties of Cl^−^ binding measured in detergent-solubilized protein at equilibrium correspond to those of a rate-limiting step of the conformational cycle of CLC-ec1 in a lipid bilayer confirming the fundamental role of ion binding in transport.

Discussion {#S11}
==========

Ion binding and dissociation are fundamental but understudied steps regulating the conformational cycle of secondary active transporters. Here we examined the thermodynamic basis of selective anion binding to CLC-ec1, the prototypical CLC-type H^+^/Cl^−^ exchanger, and related these equilibrium properties to the transport cycle. The central and external sites have similar properties: enthalpy drives Cl^−^ binding to both sites with comparable affinities. The inner site, on the other hand, binds Cl^−^ only weakly and is unaccessible to our measurements. These conclusions are in harmony with those reached by Lobet and Dutzler[@R21] who measured halide binding to CLC-ec1 by looking at the peak-height of the anomalous diffraction signal at different Br^−^ concentrations. The discrepancies are small, 2--4 fold, and probably due to differences in the experimental set-ups. The remarkable correspondence between the binding constant of WT CLC-ec1 and the apparent affinity derived from the Cl^−^ dependence of the transport rate suggests that the equilibrium measurements capture the functionally rate-limiting binding step.

Our findings, however, differ greatly from expectations and from the crystallographic data on the binding properties of the E148A mutant. In this protein all three sites can be simultaneously occupied by Cl^−^ ions[@R21] and the crystallographic experiments suggested that halides bind to the E148A mutant with affinity comparable to the WT[@R21]. However, the strong electrostatic repulsion between three ions within the translocation pathway should reduce the binding affinity. In contrast to these expectations, our measurements show a 10--60 fold increase in affinity. While we don't have a definitive explanation for this difference, several factors might account for it. First, the increased affinity reflects a \~2.4 Kcal Mol^−1^ change in the free energy of binding, which could be caused by alterations in the structure, or in the pKa's of the residues near these sites, which are too subtle to be detected at the present limited resolutions, 2.8--3.5 Å[@R20],[@R21]. Second, the crystal contacts and/or binding of the FAB could favor a conformation other than the dominant one in solution or in the membrane. Third, the affinity of CLC-ec1 for Cl^−^ in the crystals was determined by looking at Cl^−^ binding to a pathway fully occupied by Br^−^ ions[@R21]. In contrast, our experiments measure the free energy of binding to the un-occupied sites. Three lines of evidence presented here argue that mutations at position E148 enhance ionbinding. First, ITC and equilibrium dialysis show an increased Cl^−^ affinity for the E148A mutant compared to the WT. Second, replacing E148 with an alanine or a glutamine leads to a similar increase in Cl^−^ affinity and, third, different anions (Cl^−^, Br^−^ and NO~3~^−^) bind more tightly to the E148A mutant than to the WT. Thus, multiple ions simultaneously bind to the permeation pathway with higher affinity than a single ion. This can be achieved through subtle structural alterations that compensate and stabilize the electrostatic repulsion between Cl^−^ ions bound to S~cen~ and S~ex~. In other words, these calorimetric measurements are extremely sensitive to small changes, more so than low resolution crystal structures. The unexpected low transport rate of the E148A mutant[@R27] could reflect its increased binding affinity: reduced Cl^−^ unbinding rate from the protein can lead to slower transport.

The qualitative correlation between binding and transport can be expanded into a semi-quantitative argument by making two assumptions. If binding is diffusion-limited then the maximal dissociation rate, k~off~^max^, can be estimated from the K~d~ since k~off~^max^=K~d~^·^k~on~^diff^. If all ion dissociation events result in transport then k~off~^max^ corresponds to the transport rate. Both assumptions represent limiting cases: ligand binding to a site deep within a protein might be limited by factors other than diffusion and not all binding events result in transport. Since neither process can take place at rates faster than those assumed here then k~off~^max^ constitutes the theoretical ceiling for the transport rate. Thus a comparison of the known transport rates for WT and mutant CLC-ec1[@R26],[@R27] with their respective upper limits can help us to identify the rate-limiting steps for transport ([Fig. 8](#F8){ref-type="fig"}). In WT and Y445A CLC-ec1 transport takes place at rates which are similar and \~2--3 orders of magnitude slower than diffusion-limit. This argues that transport by these proteins is rate-limited by a conformational change rather than ion dissociation. At Cl^−^ concentrations below the K~d~ ion binding is not diffusion-limited and becomes rate-limiting ([Fig. 7](#F7){ref-type="fig"}). Removal of the inner gate, through the Y445A mutation, has no effect on the transport rate suggesting that opening of the outer gate, E148, is the rate-determining step. Conversely, in the E148A mutant transport is slowed down and k~off~^max^ is drastically reduced so that they become comparable, \~10^3^ ion s^−1^ ([Fig. 8](#F8){ref-type="fig"}), indicating that Cl^−^ dissociation takes place at rates similar to, or slower than, the protein's conformational changes. In other words, the E148A mutant is a slow transporter because it binds Cl^−^ tightly. Finally, in the doubly ungated mutant, E148A/Y445A, k~off~^max^ and the measured transport rate are very close ([Fig. 8](#F8){ref-type="fig"}): the latter is only 5-fold slower than the diffusion limited rate for the E148A/Y445A mutant. Thus, this mutant allows passive movement of Cl^−^ ions at rates approaching diffusion-limitation. This suggests that this protein indeed functions as an ion channel, as originally proposed[@R27], and that its low conductance reflects its relatively high affinity for the permeant ion.

While the exact conformational changes taking place during the transport cycle of CLC-ec1 remain unclear it has been proposed that the WT structure captures the occluded state of the transporter. Removal of the side chain of either gate-forming residue, E148 and Y445, respectively opens the Cl^−^ transport pathway towards the extra- or intra-cellular side. Thus, the structures of the E148A and Y445A mutants can be utilized as imperfect models for the outward- and inward-facing conformations of the protein[@R20],[@R27],[@R33]. Under these assumptions the Cl^−^ affinity appears to be highest in the protein's outward facing conformation, and sharply decreases when it transitions to the occluded and then into the inward-facing conformations. This suggests that CLC-ec1 operates according to an affinity-switch mechanism like that seen in the Ca^2+^ or in the Na^+^/K^+^ ATP-ases[@R43]--[@R46]. We propose that CLC-ec1 is a thermodynamically-reversible molecular machine that has a preferred direction of transport: inward anion flux is kinetically favored over outward movement. One prediction stemming from this hypothesis is that CLC-ec1 should rectify. Consistent with this, oriented CLC-ec1 currents recorded in planar lipid bilayers are mildly rectifying[@R47]. This proposal suggests that the varying degrees of rectification seen in the CLC-transporters[@R17],[@R19],[@R47] could arise from changes in substrate affinity in the different conformational states. This provides a mechanistic base for rectification in the CLC-transporters which can be alternative or complementary to the proposal that rectification arises from the voltage-dependence of H^+^ movement[@R48]. The preferential Cl^−^ influx coupled to H^+^ efflux catalyzed by CLC-ec1 are also in harmony with its proposed function in facilitating *E. coli'*s survival to extreme acid shocks[@R32],[@R49] and would provide the net Cl^−^ influx necessary to promote function of the decarboxylating enzymes that ultimately guarantee the bacterium's survival to the acid challenges[@R50].

Proper function of the CLC channels and transporters is strongly substrate-dependent; different anions drastically alter gating in the channels[@R39],[@R51]--[@R53] and support different degrees of H^+^-coupling in the transporters[@R24]. Thus, understanding the molecular origin of selectivity is essential to understand the transport puzzle. Our data suggests that only one of the three binding sites determines anion selectivity in CLC-ec1. S~ex~[@R12],[@R20] does not appear to be very selective, since two anions as different as a Cl^−^ ion and a glutamate side chain are naturally found bound to it and S~in~ slightly prefers SCN^−^ to Cl^−^, ruling them out as the principal determinants of selectivity. Our data suggests that substrate specificity is determined at S~cen~: the WT protein and the E148A mutant have similar selectivity and one of the three residues forming this site, S107, modulates selectivity. We transformed the Cl^−^ selective CLC-ec1 exchanger and the CLC-0 channel[@R54] into NO~3~^−^-selective transport proteins by mutating their naturally occurring serine at this position into a proline. The intrinsic NO~3~^−^ permeability of atCLC-α and CLC-5 is higher than for Cl^−^[@R17],[@R54],[@R55] and a serine or a proline in the binding site only determines the extent of the preference[@R54],[@R55], while a proline is essential to ensure robust NO~3~^−^/H^+^ coupling[@R17],[@R55]. Thus, the molecular bases of selectivity are conserved between the CLC channels and transporters in spite of the dramatic alterations undergone by these proteins to support thermodynamically opposite mechanism of ion transport. Furthermore, a clear distinction emerges between the structural elements regulating ion translocation, E148 and Y445, and those involved in substrate recognition, S107. Through this residue nature appears to manipulate the selectivity of the CLCs to allow them to fulfill their physiological roles.

Methods {#S12}
=======

**Protein purification:** Expression and purification of CLC-ec1 is performed according to the published protocols[@R22],[@R23],[@R33]. The protein was run on a Superdex 200 column (GE Healthcare) pre-equilibrated in 100 mM Na-K-Tartrate, 20 Tris-- H~2~SO~4~, 5 mM DM, pH 7.5 (buffer R) and concentrated to 70--140 μM immediately prior to the ITC experiments. **Binding measurements with Isothermal Titration Calorimetry:** All ITC measurements were performed with a VP-ITC Titration Calorimeter from Microcal, Inc. \~1.4 ml of concentrated protein in buffer R was added to the experimental chamber. The injection syringe is filled with buffer R to which 5--200 mM of the K^+^-salt of the desired monovalent anion has been added. The concentration is calculated based on the desired final molar ratio of injectant to CLC-ec1. Each experiment consists of 25--35 injections of 3--10 μl of the ligand solution at 4 min intervals into the experimental chamber that is kept under constant stirring at 350 rpm and at 25.0±0.1 °C. All solutions were filtered and degassed prior to use. The protein was extensively dialyzed between runs and re-used. No difference could be observed in activity and binding properties before or after up to 4 separate experiments. **Fitting ITC data:** ITC measurements are ideally performed in a regime where the product of the association constant and the receptor concentration, a parameter called *c*, is in the range of 5--1000[@R28]--[@R30]. In this regime the number of sites, n, the association constant, K, and the enthalpy of association, ΔH, can be determined independently. For c\<5 it is still possible to reliably determine K and ΔH but outside constraints on the binding stoichiometry are needed[@R30],[@R31]. Since in the present measurements c\<1 the number of binding sites was fixed based on the available crystal structures with the sole exception of the E148A mutant for which c\~9. The heat liberated following the injection of salt into the experimental chamber containing solubilized CLC-ec1 is due to the combination of three processes: anion transfer from solution to the protein, salt dilution from the injection syringe into the reaction chamber and dilution of the protein in the buffer. The heat of dilution of the protein alone was determined by injecting buffer with no ligand present into a chamber containing 70--100 μM protein ([Supplementary Fig. 5a](#SD1){ref-type="supplementary-material"}); WT and mutant CLC-ec1 were undistinguishable (not shown). The heats of dilution of the salts were determined by injecting salt into the chamber containing no protein ([Supplementary Fig. 5b--e](#SD1){ref-type="supplementary-material"}). We performed at least 2 independent determinations of the heats of dilution for each salt concentration used. The appropriate heats of dilution of protein and salt were then subtracted from each experiment. In all cases there is a small, but measurable, excess heat that prevents the determination of the enthalpic and entropic contributions to the energy of weakly binding anions ([Supplementary Methods](#SD1){ref-type="supplementary-material"}).

The data was fitted to the Wiseman isotherm using the Origin ITC analysis package by keeping n fixed based on the available crystal structures. The change in heat during the i^th^ injection was fit to: $$\Delta Q(i) = Q(i) + \frac{{dV}_{i}}{V_{0}}\left\lbrack \frac{Q(i) + Q(i - 1)}{2} \right\rbrack - Q(i - 2)$$ where Q(i) is the heat liberated at the i^th^ injection and is given by: $$Q = \frac{{nM}_{t}\Delta{HV}_{0}}{2}\left\lbrack {1 + \frac{X_{t}}{{nM}_{t}} + \frac{1}{\mathit{nKM}_{t}} - \sqrt{\left( {1 + \frac{X_{t}}{{nM}_{t}} + \frac{1}{\mathit{nKM}_{t}}} \right)^{2} - \frac{4X_{t}}{{nM}_{t}}}} \right\rbrack$$ where n is the number of identical and independent binding sites, K is the binding constant, V~0~ is the active cell volume, M~t~ is the bulk concentration of the protein and X~t~ is the bulk concentration of the ligand. Further details on the fitting procedures and routines are described in the VP-ITC manual (Microcal Inc.). **Saturation equilibrium dialysis.** Protein purification is carried out as described except that there is no LysC incubation to maintain the His-tag and gel filtration is carried out in 100 mM NaCl, 20 Tris-- H~2~SO~4~, 5 mM DM, pH 7.5 (buffer C). After gel filtration the protein is then concentrated to \~100μM and incubated for 1 hr at room temperature with 50 μl Co^2+^-beads (Talon) pre-equilibrated in buffer C for 1 mg of protein. The fraction of lost protein was determined by measuring the OD280 of the supernatant and the protein concentration in the sample was subsequently adjusted. In all cases this led to a correction \<10%. Cl^−^ was removed by 6 sequential washes in 250 μl of buffer R per mg of protein. Finally, the Co^2+^ beads are re-suspended to a final volume of 120 μl of buffer R per mg of protein. To this suspension, increasing concentrations of ^36^CL are added and after 1hr incubation at room temperature under constant shaking the slurry is spun for 120 sec at 13000 rpm to pellet the Co^2+^ beads. The total volume is split in two 60 μl aliquots, supernatant and beads, which are separately counted for 1 minute. The ^36^CL~free~ is determined from the supernatant and the ^36^CL~bound~ is determined by subtracting the ^36^CL~free~ from the counts of the beads aliquot. The counts are converted into a ^36^CL concentration by dividing them by the activity coefficient of ^36^CL (0.134 mCi/ml for the original stock) and the sample volume. The ^36^CL~bound~ fraction is then plotted as a function of the ^36^CL~free~ and fit to: ^36^CL~bound~=(B~max~\*^36^CL~free~)/(K~d~+^36^CL~free~). Since the specific activity of ^36^CL is low we could not go below 10 μM as the counts became indistinguishable from background. Non-specific ^36^CL binding to the Co^2+^-beads was negligible. **Cl^−^ and H^+^ flux measurements** were carried out as previously described [@R26],[@R33]. **Mutagenesis.** All mutagenesis is carried out with the Quickchange method (Stratagene) and the mutated genes fully sequenced. **Two electrode voltage clamp measurements:** collagenase-treated *Xenopus* oocytes were injected with 55 nl of 50--150 mg/ml RNA of WT or mutant CLC-0 and kept at 18 °C in a solution containing 90 NaCl, 10 Hepes, 2KCl, 1 MgCl~2~, 1 CaCl~2~, pH 7.5. Recordings were performed 2--3 days after injection. The external recording solution is 100 mM NaCl, 4 mM MgSO~4~, 10 mM Na-Hepes, pH 7.3. For the ion substitution experiments the NaCl was replaced with 100 mM NaNO~3~^−^. The data was acquired with the GePulse software (developed by M. Pusch) and analyzed using Ana (developed by M. Pusch) and Sigmaplot (SPSS Inc.).
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![Crystal structure of CLC-ec1. (a) Ribbon representation of the CLC-ec1 homodimer viewed from the plane of the membrane. The two subunits are coloured in brown and blue and the chloride ions are represented as green spheres. (b) The chloride binding region for the WT CLC-ec1 and (c) the E148Q mutant. The residues S107, E148 and Y445 are highlighted in blue. (PDB accession codes WT: 1OTS, E148Q: 1OTU)](nihms223266f1){#F1}

![Cl^−^ binding to WT and mutant CLC-ec1. Top panels: heat liberated when KCl is titrated into the experimental chamber containing buffer and protein. The concentration of the KCl stock used was 25 mM for WT CLC-ec1, Y445A, S107G/E148Q/Y445A and E148A/Y445A mutants and 25--75 mM for the Y445L mutant. Each downward deflection corresponds to one injection. Bottom panels: the area underneath each deflection is integrated and represents the total heat exchanged (squares). Black lines are the best fits to a single site binding isotherm. (a) WT CLC-ec1. In the bottom panel the red line represents the fit to a binding isotherm with two identical sites. (b) KIsethionate binding to WT CLC-ec1. Cl^−^ binding to the following mutants: Y445A (c), Y445L (d), S107G/E148A/Y445A (e) and E148A/Y445A (f). Insets show the structure of the ion binding site with the mutated residue(s) highlighted in blue. The structure of the S107A/E148Q/Y445A mutant is used as a model for the S107G/E148A/Y445A mutant. Green spheres represent bound Cl^−^ ions. Following the published convention [@R27], the spheres occupying S~cen~ in the Y445L and E148A/Y445A mutants are scaled down in size to reflect the reduced anion occupancy of this site in these mutants. (PDB accession codes: WT: 1OTS, Y445A: 2HTK, Y445L: 2HT3, S107A/E148Q/Y445A:2EZ0 and E148A/Y445A: 3DET)](nihms223266f2){#F2}

![Cl^−^ binding to the E148A mutant. Panels as in [Figure 2](#F2){ref-type="fig"}. A KCl solution is titrated into a chamber containing the E148A mutant. The concentration of the KCl stock used was 5--25 mM. Dashed line: fit to a binding isotherm with 2 identical and independent sites. Solid line: fit to a binding model with n, ΔH and K as free parameters. (PDB accession code E148A: 1OTT)](nihms223266f3){#F3}

![^36^CL binding measured with equilibrium dialysis. Circles: binding to WT CLC-ec1; triangles: binding to the E148A mutant and squares: binding to the Y445A mutant. Solid lines are the best fits to ^36^CL~bound~= ^36^CL~max~/(1+K~d~/^36^CL~free~).](nihms223266f4){#F4}

![Binding selectivity of WT CLC-ec1 and the E148A mutant. Panels as in [Figure 2](#F2){ref-type="fig"}. The concentrations of the stocks used was: \[KBr\]^WT^=100 mM, \[KBr\]^E148A^=10--40 mM, \[KNO~3~\]^WT^=100--200 mM, \[KNO~3~\]^E148A^=75--100 mM, \[KSCN\]^WT^=\[KSCN\]^E148A^=100 mM. (a) Br^−^ binding, (b) NO~3~^−^ binding and (c) SCN^−^ binding to WT CLC-ec1. Anion binding to the E148A mutant: (d) Br^−^, (e) NO~3~^−^ and (f) SCN^−^. Solid lines represent the best fits to a 1- or 2-site binding isotherm respectively for WT and the E148A mutant.](nihms223266f5){#F5}

![S107 regulates selectivity. (a) Alignment of the linker region between helices C and D in several CLC channels and transporters; the position corresponding to S107 is highlighted in bold on a grey background. (b--c) Panels as in [Figure 2](#F2){ref-type="fig"}. The concentrations of the stocks used was: \[KCl\]=25 mM, \[KNO~3~\]=50--75 mM. (b) Cl^−^ binding to the S107P mutant. (c) NO~3~^−^ binding to the S107P mutant. (d) Currents mediated by the E166A mutant of CLC-0 in 100 mM external Cl^−^ (left), NO~3~^−^ (center) and after recovery in Cl^−^ (right). From a holding potential of −30 mV the voltage is stepped to +80 mV for 100 ms and then to a variable voltage increasing from −140 to +100 mV in 20 mV steps for 200 ms. Horizontal scale bar indicates 30 ms and vertical scale bar indicates 2 μA. e) Steady state I--V relationship for the E166A mutant in Cl^−^ (filled circles), NO~3~^−^ (open triangles) and after recovery in Cl^−^ (empty circles). Inset: the I--V curves are magnified to highlight the shift in reversal potential. The solid and dashed lines hold no theoretical meaning and are for visualization purposes alone. The reversal potentials, V~rev~, were derived from a linear interpolation of the curve around the null current point and represent the average of 6 or more independent experiments and the Standard Error of the Mean is shown as error. V~rev~^E166A^(Cl^−^)=−32±2 mV, V~rev~^E166A^(NO~3~^−^)=−27±3 mV and V~rev~^E166A^(Cl^−^, recovery)=−31±2 mV. f) Currents mediated by the S123P/E166A mutant in 100 mM external Cl^−^ (left), in NO~3~^−^ (center) and after recovery in Cl^−^ (right). g) Steady state I--V relationship for the S123P/E166A mutant in Cl^−^ (filled circles), NO~3~^−^ (open triangles) and after recovery in Cl^−^ (empty circles). V~rev~^S123P/E166A^(Cl^−^)= −31±2 mV, V~rev~^S123P/E166A^(NO~3~^−^)= −39±2 mV and V~rev~^S123P/E166A^(Cl^−^, recovery)= −31±3 mV. Each value represents the mean of three or more independent experiments and the s.e.m. is reported as the error (see [Supplementary Table 1](#SD1){ref-type="supplementary-material"} for the results of the individual experiments).](nihms223266f6){#F6}

![Chloride dependence of the transport rate. (a) Time course of chloride efflux from liposomes reconstituted at low protein density in 1 mM external chloride (black line) and 0.1 mM external chloride (gray line). Downward arrow denotes the addition of 1 μl of 1 mg/ml Valinomycin/FCCP (carbonylcyanide p-trifluoromethoxyphenylhydrazone). \* denotes the addition of 40 μl of 50 mM b-Octyl-Glucoside to dissolve the liposomes. (b) Transport rate versus external chloride concentration. Solid line is the best with a Hill equation with a Hill coefficient of n=2.4.](nihms223266f7){#F7}

![Comparison of the measured transport rates (black bars) with the theoretical maximal dissociation rate, k~off~^max^, (grey bars) derived from k~off~^max^=K~d~\*k~on~^diff^. The known transport rates were taken from published work[@R26],[@R27].](nihms223266f8){#F8}

###### 

Thermodynamic parameters for Cl^−^ binding to WT and mutant CLC-ec1. K~d~ and ΔH° were obtained from a fit to a binding isotherm, while ΔG° and TΔS° were calculated from ΔG°= RT lnK~d~ and TΔS°= ΔH°−ΔG°. Each value represents the mean of three or more independent ITC experiments and the s.e.m. is reported as the error (see [Supplementary Table 1](#SD1){ref-type="supplementary-material"} for the results of the individual experiments).

  Protein      Number of sites    K~d~ (μM)   ΔH° (Kcal Mol^−1^)   TΔS° (Kcal Mol^−1^)   ΔG° (Kcal Mol^−1^)
  ------------ ------------------ ----------- -------------------- --------------------- --------------------
  *WT*         1                  720±80      −5.3±0.3             −1.0±0.3              −4.3±0.1
  2            620±70             −2.6±0.2    1.8±0.2              −4.4±0.1              
  *Y445A*      no heat detected                                                          
  *Y445L*      1                  3900±1100   −3.4±0.8             0±1                   −3.3±0.2
  *SG/EA/YA*   1                  860±180     −4.9±0.3             −0.8±0.3              −4.18±0.04
  *EA/YA*      1                  1520±70     −2.1±0.2             1.7±0.2               −3.84±0.03
  *E148A*      2                  12.3±1.7    −6.0±0.6             0.7±0.5               −6.7±0.1
  1.8±0.1      15±2               −6.7±0.7    −0.1±0.6             −6.6±0.1              

###### 

Thermodynamic parameters for anion binding to WT and mutant CLC-ec1. Thermodynamic parameters, K~d~, ΔHo, TΔS° and ΔG° are determined as described in [Table 1](#T1){ref-type="table"}, and by fixing n=1 for WT, Y445A and S107P. We fixed n=2 for the E148A mutant since the affinity of Br^−^, NO~3~^−^ and SCN^−^ is not sufficient to allow for the independent determination of the number of binding sites.

  Protein    Anion              K~d~ (μM)                                   ΔH° (Kcal Mol^−1^)                          TΔS° (Kcal Mol^−1^)   ΔG° (Kcal Mol^−1^)
  ---------- ------------------ ------------------------------------------- ------------------------------------------- --------------------- --------------------
  *WT*       Br^−^              2550±530                                    −5.0±0.6                                    −1.4±0.5              −3.6±0.1
  NO~3~^−^   13000±1500         −6.9±1.2[\*](#TFN2){ref-type="table-fn"}    −4.3±1.2[\*](#TFN2){ref-type="table-fn"}    −2.6±0.1              
  SCN^−^     9200±400           −15.6±0.1[\*](#TFN2){ref-type="table-fn"}   −12.8±0.1[\*](#TFN2){ref-type="table-fn"}   −2.78±0.03            
  *Y445A*    Br^−^              no heat detected                                                                                              
  NO~3~^−^   no heat detected                                                                                                                 
  SCN^−^     6700±200           −21.0±0.6[\*](#TFN2){ref-type="table-fn"}   −18.2±0.6[\*](#TFN2){ref-type="table-fn"}   −2.96±0.02            
  *E148A*    Br^−^              84±16                                       −3.4±0.9                                    2.2±1.0               −5.6±0.5
  NO~3~^−^   1400±300           −5.1±0.5                                    −1.2±0.6                                    −3.9±0.1              
  SCN^−^     5800±1200          −7.7±1.6[\*](#TFN2){ref-type="table-fn"}    −4.7±1.5[\*](#TFN2){ref-type="table-fn"}    −3.1±0.1              
  *S107P*    Cl^−^              no heat detected                                                                                              
  Br^−^      no heat detected                                                                                                                 
  NO~3~^−^   3800±800           −2.9±0.7                                    0.5±0.6                                     −3.3±0.1              
  SCN^−^     8000±1500          −15.1±1.7[\*](#TFN2){ref-type="table-fn"}   −12.2±1.8[\*](#TFN2){ref-type="table-fn"}   −2.9±0.1              

These enthalpy and entropy values are only estimates since the binding reaction could not be driven to complete saturation. Each value represents the mean of three or more independent ITC experiments and the s.e.m. is reported as the error (see [Supplementary Table 1](#SD1){ref-type="supplementary-material"} for the results of the individual experiments).
